Depression and substance use disorder (SUD) often co-exist and are typically associated with an inaccurate diagnosis, worsened clinical course and poor medication adherence compared to either disorder alone. To date, the biological mechanisms contributing to their strong association remain largely unknown. In this review, we critically analyze preclinical literature on psychostimulant drugs and reconsider the common view that depression is a risk factor for drug use and the development of SUD. Unexpectedly, this investigation led us to conclude that depressive-like states in rodents are associated with a low predisposition to drug intake, at least when considering initial, voluntary and regulated psychostimulant intake. We identified several conceptual gaps and methodological challenges potentially misleading when modeling depression and SUD comorbidity. On the basis of these observations, we propose new innovative perspectives to guide future experiments and advance our knowledge in this field, including the use of newly refined rodent models that better capture hallmarks of depression and SUD.
Introduction
Co-occurrence of two or more psychiatric diagnoses in the same individual is common in psychiatry (Degenhardt et al., 2003) . This form of comorbidity encompasses a wide range of mental health disorders including schizophrenia, mood and anxiety disorders as well as substance use disorder (SUD).
Major depressive disorder (hereafter referred to as depression) is one of the most common psychiatric disorders worldwide despite estimates of its lifetime prevalence varying substantially across countries (Kessler and Bromet, 2013) . Depression is characterized by a longlasting and recurrent depressed mood and/or anhedonia referring to a diminished interest or pleasure in most activities (Diagnostic and Statistical Manual of Mental Disorders, 5th edition (DSM-5), American Psychiatric Association, 2013). These core symptoms are accompanied by additional symptoms including sleep disturbances, feelings of worthlessness or suicidal ideation. Depression is also accompanied by multiple comorbidities, among which substance use and SUD are particularly common. SUD is characterized by patterns of escalated and sustained drug intake, loss of control over drug intake, and drug craving (DSM-5, American Psychiatric Association, 2013) . SUD occurs only in individuals whose drug use opportunities develop into a maladaptive pattern of drug taking and seeking (Lopez-Quintero et al., 2011; Wagner and Anthony, 2002) .
Large scale epidemiological studies document strong associations between drug use, SUD and mental health disorders. For instance, prevalence rates of SUD are almost twice as high among individuals with severe depression compared to the general population (Conway et al., 2006; Grant et al., 2016; Swendsen et al., 2010 ; for review Tolliver and Anton, 2015) . Concordantly, depression is 3-4 times more prevalent among individuals diagnosed with SUD than those without SUD (Lai et al., 2015) . This reciprocal comorbidity has been observed for all pharmacological classes of addictive drugs, including nicotine, alcohol, cannabis, opiates and psychostimulants (Conway et al., 2006; Grant et al., 2016; Grant et al., 2004; Regier et al., 1990) .
Depression and substance use disorder comorbidity: why does it occur and matter?
Co-occurrence of depression and SUD in patients who present dual diagnoses has long been recognized as an important consideration in clinical practice. Comorbid depression and SUD is typically associated with an inaccurate diagnosis, worsened clinical course, greater functional impairment, and lower medication adherence compared to either disorder alone (Abou-Saleh, 2004; Merikangas and Kalaydjian, 2007) . In addition, mental health and SUD treatment professionals are confronted with the difficulties of providing effective care to patients whose problems overlap two health care specialties.
Several hypotheses have been proposed to explain the high prevalence rate of comorbid mental health disorders (Degenhardt et al., 2003) . Comorbidity can be explained in causal terms, the presence of one disorder increasing the likelihood of another to occur (Fig. 1a) . For example, comorbidity may manifest in individuals who use substances and their specific psychotropic effects to cope with emotional distress and reduce dysphoric symptoms associated with depression (Kessler, 2004; Khantzian 1985 Khantzian , 1997 Swendsen et al., 2010) (Fig. 1a) . In this type of case, treating the underlying depression would have certain benefits for treating SUD. However, only a small number of doubleblind, placebo-controlled trials have been conducted in substance usedependent patients with depression in order to evaluate the therapeutic impact of antidepressant pharmacotherapy. Several clinical trials have demonstrated a beneficial effect of antidepressants on mood symptoms in patients with comorbid SUD but yet failed to establish their effectiveness on substance use outcomes due to inconsistent results (see Lalanne et al., 2016; Pettinati et al., 2013) . Conversely, substance-induced depression can be observed during acute intoxication and withdrawal from drugs in individuals with SUD (Gawin and Kleber, 1986; Markou and Kenny, 2002) . In these patients, symptoms of depression typically disappear within a month or less after abstinence, particularly for those in addiction-treatment settings (Brown and Schuckit, 1988; . Comorbidity could also be caused by substance use revealing a latent predisposition toward depression in high-risk individuals which facilitates the expression of depression symptoms (American Psychiatric Association, 2013) . Both pathways contribute significantly to the rates of comorbidity between depression and SUD (Schuckit, 2006) . Finally, shared predisposing factors such as biological, social or environmental factors may increase the likelihood of depression and SUD explaining their association (Kendler et al., 2003) (Fig. 1b) . For example, exposure to early adverse life events in the form of child abuse and/or neglect is a risk factor for both depression and SUD in adulthood and might account for some comorbidity (Gerra et al., 2009; Kessler, 1997; Nemeroff, 2016) .
All these scenarios probably contribute, in various degrees, to how and why depression and SUD comorbidities occur, each with different implications for prevention, treatment and future research.
Scope of the review: reevaluating depression as a risk factor for psychostimulant intake in rodents
In humans, efforts to understand whether depression precedes and influences drug use and the development of SUD have been hampered by both the difficulties in establishing the sequence of disorder onset and the complex nature of comorbidity in individuals with co-existing psychiatric disorders such as anxiety disorders (Gorman, 1996; Merikangas et al., 1998) and polysubstance use and abuse (Connor et al., 2014) .
Animal models, especially rodents, have improved comprehension of the potential risk factors for depression and drug use, and the mutual interactions between these two disorders. These studies have been evaluated in recent comprehensive reviews (see Bardo et al., 2013; Filip et al., 2013; Neisewander et al., 2012; Ng et al., 2016; Paterson and Markou, 2007; Renoir et al., 2012) . In particular, converging evidence highlights an enhanced vulnerability to drug use in rodents subjected to social and environmental factors that produce depressive-like behaviors (reviewed in Bardo et al., 2013; Neisewander et al., 2012; Ng et al., 2016) . However, regarding depression per se as a contributing factor to drug vulnerability, few studies have focused on the complexity of depression and SUD in terms of heterogeneous symptoms, interindividual variability or diversity of etiological factors. Consequently, there is little evidence from rodent models showing depression as a risk factor for drug use and SUD and many questions and controversies remain unaddressed (Bardo et al., 2013; Filip et al., 2013; Neisewander et al., 2012; Ng et al., 2016) .
We therefore reviewed preclinical literature to highlight any inconsistencies and further interpret the data. We applied a focused approach by only analyzing psychostimulant drugs, including amphetamine, cocaine and methamphetamine, in animal models of depression, rather than systematically compiling and comparing literature on drugs of various pharmacological classes. We also critically analyzed the advantages and drawbacks associated with rodent models of depression as well as the design of experimental procedures used to study different aspects of SUD. This highlighted some important methodological and conceptual issues which potentially mislead the modeling of depression and SUD comorbidity in rodents. Accordingly, we propose new challenges and future perspectives to further advance this field.
Assessing substance use disorder in rodent models of depression: challenges and opportunities
Depression is triggered by multiple, partially overlapping risk factors which are used in rodent models of depression and include: behavioral traits, genetics, life experiences and the environment (Kendler et al., 1999 (Kendler et al., , 2001 Klengel and Binder, 2013; Lohoff, 2010) . Rodent models of depression adopted by most laboratories have been recapitulated in several excellent reviews (see Belzung and Lemoine, 2011; Berton et al., 2012; Krishnan and Nestler, 2011; Nestler and Hyman, 2010; Neumann et al., 2011; Slattery and Cryan, 2014 for review) . Their validity for preclinical research has been justified by the three criteria laid out by Willner (1984) ; (i) i.e. causative factors (construct validity); (ii) symptomology (face validity); (iii) treatment modalities (predictive validity).
In this chapter, we examine whether a depressive-like state influences psychostimulant drug-related behaviors in rodents, concentrating our analysis on two of the most commonly used procedures in drug addiction research: the drug intravenous self-administration and conditioned place preference (CPP) paradigms. The self-administration paradigm was initially designed to study the initiation and maintenance of voluntary drug taking. It was later refined to emulate behaviors resembling those currently considered hallmarks of SUD in the DSM-5, such as high motivation for drug intake, shift from controlled to compulsive drug taking culminating in the loss of control over drug intake, voluntary abstinence and compulsive relapse (Ahmed and Koob, 1998; Belin-Rauscent et al., 2016; Deroche-Gamonet et al., 2004; Vanderschuren and Everitt, 2004) . The CPP paradigm is based on a form of Pavlovian conditioning in which animals learn to associate the rewarding properties of psychostimulant drugs with contextual information (Bardo and Bevins, 2000; Tzschentke, 2007) . This learned drug-context association is known to play a crucial role in drug use and relapse in both laboratory animals and humans (Bardo and Bevins, 2000) .
Stress conditions as a basis for modeling depression
In rodents, exposure to repeated stress is one of the most common approaches for producing depressive-relevant behavioral endpoints (see Belzung and Lemoine, 2011; Berton et al., 2012; Krishnan and Nestler, 2011; Nestler and Hyman, 2010; Neumann et al., 2011; Slattery and Cryan, 2014 for review). Several stress-based models of depression have been employed to determine psychostimulant vulnerability. They are reviewed here according to the type of environmental factor used.
Unpredictable chronic mild stress (UCMS)
Unpredictable chronic mild stress (UCMS) represents the primary model of depression in rats over several decades (Moreau et al., 1995; Papp et al., 1991; Willner et al., 1987) . It involves exposing rodents to repeated and unpredictable physical stressors (e.g. water or food deprivation, exposure to cold temperatures, isolation etc.) over long periods of time (1 week to 3 months) (Nestler and Hyman, 2010; Willner, 2005) . Towards the end of the stress procedure, animals exhibit anhedonia-like behavior by a decrease in preference for sweet tasting solution. Reversal of this UCMS-induced anhedonia-like behavior can occur with chronic pharmacological antidepressant treatments (Strekalova et al., 2006; Willner et al., 1987) as well as deep brain stimulation of the ventromedial prefrontal cortex (vmPFC) (Hamani et al., 2012; Veerakumar et al., 2014) , a non-pharmacological intervention reported to produce long-lasting antidepressant effects in treatment-resistant patients (Berlim et al., 2014; Mayberg, 2009) . Although the UCMS model has been the subject of considerable controversy related to poor reproducibility in inducing anhedonia-like V. Rappeneau, A. Bérod Neuroscience and Biobehavioral Reviews 77 (2017) 303-316 behavior (Argyropoulos and Nutt, 1997) , it has a high degree of construct, face and predictive validity (Willner, 1997 (Willner, , 2005 . To date, a number of UCMS variants have been proposed in both rats and mice to emulate several depressive-related behavioral and physiological impairments (see Nollet et al., 2013; Strekalova et al., 2011 for review) . Recently, two studies performed in rats indicated no effect of UCMS on the acquisition and maintenance of methamphetamine self-administration using a fixed ratio (FR) schedule of reinforcement as well as the motivation to obtain this drug according to a progressive ratio (PR) schedule of reinforcement (Lewis et al., 2016; Taylor et al., 2016) (Table 1) . However, use of the CPP paradigm revealed inconsistent data. UCMS decreased amphetamine-induced CPP when performed during the last two weeks of the UCMS procedure (Papp et al., 1993 (Papp et al., , 1991 . In contrast, testing rats 24 h after the last stressor showed no effect of UCMS on methamphetamine-induced CPP and enhanced CPP for low doses of cocaine (Haile et al., 2001; Taylor et al., 2016) (Table 1) . Several methodological and procedural aspects limit the interpretation of these results. Firstly, it is likely that not all animals exposed to UCMS demonstrated a depressive-like behavior. In fact, recent studies indicate that a substantial fraction of animals exposed to UCMS (∼30%) showed no reduction in preference for sweet tasting solution and remained resistant to the development of anhedonia-like behavior (Bergstrom et al., 2008 (Bergstrom et al., , 2007 Henriques-Alves and Queiroz, 2015; Strekalova et al., 2004) . Heterogeneity in individual behavioral responses to UCMS and the relatively large proportion of animals that developed resilience to this procedure possibly biased the aforementioned results, therefore hampering any clear conclusions. It is possible that two populations of rats, i.e. susceptible and resilient to UCMS, may behave differently regarding psychostimulant self-administration and CPP. Although not directly addressing this issue, a recent study emphasized the importance of characterizing behaviors relevant to emotional state when assessing methamphetamine self-administration after exposure to UCMS (Taylor et al., 2016) . Indeed, rats displaying high locomotor reactivity to novelty following UCMS self-administered more methamphetamine and showed greater motivation to obtain this drug than rats exhibiting low reactivity to novelty.
In addition, it should be noted that acute and repeated stressors which induced no depressive-like state increased psychostimulantinduced CPP in animals tested shortly after the last stress exposure (Montagud-Romero et al., 2015; Schindler et al., 2012 ). In the abovementioned studies, testing of the CPP established for psychostimulants occurred either during the UCMS procedure or shortly afterwards. However, a CPP test performed after a longer time interval following cessation of stress could have better differentiated the acute and transient behavioral effects of stress from its long-lasting effects that potentially lead to depressive-like phenotype (Table 1) .
Overall, we have been unable to draw any reliable conclusion as to how depressive-like states influence psychostimulant-related behaviors based on the current studies using UCMS as a model of depression. Going forward, we recommend segregating animals as either susceptible or resilient to UCMS as well as considering the timeframe between UCMS and psychostimulant-related behavior testing.
The social defeat stress (SDS)
The social defeat stress (SDS) model refers to an animal receiving constant attacks by means of territorial, offensive, or defensive aggression from a same-sex animal established in the home cage (also referred to as the resident-intruder paradigm) (Miczek, 1979) . A daily social defeat ranging from 10 days to weeks reliably produces anhedonia-like responses for sweet tasting solutions, deficits in locomotor activity and social avoidance in defeated rodents (for review see Hammels et al., 2015; Hollis and Kabbaj, 2014; Miczek et al., 2008) . These behaviors can be reversed by chronic pharmacological antidepressant treatments ( Recent studies have emphasized the high individual variability in response to SDS and suggested segregating susceptible and resilient populations of rodents on the basis of SDS-induced anhedonia-like behavior assessed by measuring their saccharin preference (Shimamoto et al., 2015) or intra-cranial self-stimulation threshold (Der-Avakian et al., 2014), social avoidance Krishnan et al., 2007) or high basal hypothalamic-pituitary-adrenal (HPA) axis activity after termination of the last SDS episode (Schmidt et al., 2010) . By using a large cohort of animals, these studies indicated that selecting rodents based on intrinsic susceptibility or resilience to SDS-induced depressive-like behavior could represent an innovative approach to modeling depression in rodents and investigating vulnerability to drugs.
Accordingly, a recent study revealed 72% of adult female rats as stress-susceptible following chronic social defeat stress (CSDS) using maternal aggression based on their anhedonia-like responses in the form of reduced intake and preference for a saccharin solution (Shimamoto et al., 2015) . In stress-resilient females, exposure to CSDS minimally affected saccharin intake and preference. Interestingly, 16 days after the last CSDS episode, both susceptible and resilient females showed no alteration in cocaine self-administration under FR and PR schedules of reinforcement compared to non-stressed control females. However, susceptible females behaved differently from nonstressed and resilient females during a 24-h continuous access session to cocaine (referred to as 24-h "binge" access) that favors escalation of drug intake and "binge"-like patterns of psychostimulant use (Tornatzky and Miczek, 2000) . During the 24-h "binge" access, susceptible females self-administered significantly less cocaine than non-stressed females, in contrast to resilient females that displayed significantly greater self-administration (Table 1 ). The absence of differences in cocaine self-administration under the FR schedule of reinforcement excludes the possibility that altered sensitivity to cocaine reinforcement effects caused the reduction in cocaine intake in susceptible females during the 24-h "binge" access.
Similar to observations of female rats exposed to CSDS (Shimamoto et al., 2015) , a continuous social subordination stress for 36 days in adult male rats also induced anhedonia-like responses by reduced intake and motivation for sucrose see also Covington and Miczek, 2005; Rygula et al., 2006) . However, this type of stress produced no significant changes in the rate of acquisition and maintenance of cocaine self-administration during daily limited-access sessions (Table 1) . Nevertheless, chronically subordinate males manifested less motivation to obtain cocaine according to a PR schedule of reinforcement. They also accumulated significantly less cocaine during a continuous 24-h "binge" access and stopped self-administering cocaine much earlier than non-stressed control rats (Table 1 ). The reduction in sucrose and cocaine self-administrations observed under the PR schedule of reinforcement suggests that exposition to a continuous subordination stress reduced motivation for both natural and drug rewards.
Interestingly, the same study alternated continuous social subordination stress with four brief and intermittent SDS episodes with aggressive residents. Male rats exposed to brief and intermittent SDS episodes showed no reduction in intake or preference for sucrose, yet increased cocaine self-administration both under the PR schedule of reinforcement and during the continuous 24-h "binge" access. This finding is consistent with other studies showing that brief and intermittent SDS, as well as other forms of stress, facilitated acquisition of cocaine self-administration, increased motivation to obtain cocaine and escalated cocaine intake during unlimited access conditions Miczek, 2001, 2005; Covington et al., 2008; Cruz et al., 2011; Holly et al., 2016; Piazza and Le Moal, 1998; Tidey and Miczek, 1997) .
Finally, another study evaluated cocaine-induced CPP behaviors in adult C57BL/6 male mice subjected to 10 days of SDS. A large proportion of mice (60%) forced to intrude into the home cage of larger CD 1 mice showed depressive-like behaviors compared to non-defeated and resilient mice, i.e. long-lasting social avoidance, decrease in body weight gain and transient decrease in sucrose preference Krishnan et al., 2007) . Resilient mice exhibited no depressive-like behaviors although like susceptible mice, exhibited increased reactivity of the HPA axis and anxiety-related behaviors. Susceptible mice displayed a higher preference for the cocaine-associated compartment than non-defeated and resilient mice 24 h after the last SDS episode (Table 1) ; however mice tested 28 days after the last SDS episode revealed no such preference. As previously mentioned for the UCMS paradigm, assessment of cocaine-related behaviors immediately after the last SDS session may reflect the immediate and transient effects of stress as well as those of the induced-depressive-like state, therefore questioning the interpretation of these results.
In conclusion, the aforementioned studies do not support the hypothesis that depression can aggravate subsequent drug use and increase vulnerability to SUD. They emphasize the importance of stress duration and stress coping strategies when determining psychostimulant-related behaviors in rodent models of depression. In fact, rats subjected to brief and intermittent stress or those adapted to CSDS exhibited a higher vulnerability to cocaine, particularly using a compulsive form of cocaine self-administration that can be emulated using a continuous 24-h "binge" access protocol. In contrast, rats that showed no adaptation over the course of CSDS and displayed a depressive-like phenotype with a high anhedonia-like component reduced their cocaine intake in experimental conditions that usually favored escalation of drug intake in non-stressed animals.
Animal models of early life stress
Animal models of early life stress include maternal separation and neonatal isolation during the first postnatal weeks, a critical period of brain development
The rodent maternal separation (MS) paradigm disrupts motherpup interactions by separating pups from maternal care, although not from littermates, during their first two weeks of life. The effectiveness of MS in producing depressive-like behaviors depends on the length of mother-pup separations. Short periods of MS (for 15 min) elicit protective behavioral effects and endocrine responses to stress in adulthood (for review see Levine, 2000; Meaney, 2001; Newport et al., 2002; Pryce and Feldon, 2003) . In contrast, long periods of MS (for at least for 3 h) induce high immobility in the forced swim test (FST) and tail suspension test (TST), deficits in locomotor activity and exploratory behaviors as well as exaggerated HPA axis responses to stress in adulthood (Levine, 2000; Meaney, 2001; Newport et al., 2002; Pryce and Feldon, 2003 but see Lehmann and Feldon, 2000) . However, long MS induces no anhedonia-like behavior under baseline conditions Ruedi-Bettschen et al., 2005; Shalev and Kafkafi, 2002 but see Der-Avakian and Markou, 2010) .
Similar behavioral and physiological alterations are produced in the neonatal isolation (NI) paradigm, in which pups are separated daily from the mother and also deprived of tactile contacts with their littermates (Pryce and Feldon, 2003; Zimmerberg et al., 2003) . Both the long MS and NI models of depression fulfil face, construct and predictive validities (Andersen, 2015; Gracia-Rubio et al., 2016; Nylander and Roman, 2013; Schmidt et al., 2011; Vetulani, 2013) .
The effects of long periods of MS on psychostimulant-related behaviors in adult rats are somewhat discrepant (Table 2) with some studies reporting an increase and others a decrease in cocaine-and methamphetamine-intake later in life (Dimatelis et al., 2012; Lewis et al., 2013; Matthews et al., 1999; Moffett et al., 2006 Moffett et al., , 2007 O'Connor et al., 2015) . Moreover, no clear differences between MS and control rats have emerged pertaining to extinction of responding and cueinduced reinstatement of cocaine-and methamphetamine-seeking The inconsistent results may be attributable to the weak effect of MS on psychostimulant-intake as well as the influence of rodent strains and variability in methodological procedures. In particular, the handling of the control groups of rats considerably differed between studies, with animals undergoing brief MS, brief handling or left undisturbed in the cage except for routine care. The nature of the control group of rats may strongly interfere with the interpretation of the results (Tractenberg et al., 2016) . Indeed, short periods of MS (for 15 min) have been shown to reliably confer protective effects on psychostimulant-intake (Bardo et al., 2013; Flagel et al., 2003; Nylander and Roman, 2013) .
Studies using early neonatal isolation (NI) led to more consistent results of psychostimulant-related behaviors than those using long MS (Table 2 ). In both male and female adult rats, NI enhanced the acquisition and maintenance of cocaine self-administration at low doses of cocaine (Kosten et al., 2000 (Kosten et al., , 2004 Zhang et al., 2005) , and increased motivation to obtain cocaine according to a PR schedule of reinforcement (Kosten et al., 2006) . Although NI male and female rats exhibited the same patterns of cocaine self-administration and similar levels of cocaine-intake compared to control handled rats under 24-h "binge" access conditions, they significantly differed under subsequent extinction and cue-induced reinstatement testing conditions (Lynch et al., 2005) . Indeed, NI decreased the rate of extinction of cocaine selfadministration and enhanced its cue-reinstatement in both male and female rats (Lynch et al., 2005) . When tested in the CPP paradigm, isolated male rats displayed a reduced preference for the cocaineassociated compartment compared to control rats (Hays et al., 2012 ), yet showed a higher preference for the methamphetamine-associated compartment (Hensleigh and Pritchard, 2014) ; this observation was not seen in females (Hensleigh and Pritchard, 2014) .
In conclusion, studies using long periods of MS in rodents have been unable to provide a clear picture of how depressive-like states influence psychostimulant drug vulnerability in adulthood. In contrast, studies using NI, albeit relatively scarce, show higher rates of psychostimulant intake during different phases of the self-administration process.
The post-weaning social isolation (SI) rearing
The post-weaning social isolation (SI) rearing procedure involves rearing rodents in persistent social isolation during a critical phase from weaning (postnatal day 21; PD21) to early adulthood (around 6 or more weeks of age). It produces a large array of long-lasting behavioral alterations in adulthood reminiscent of several psychiatric disorders (Fone and Porkess, 2008; Koda et al., 2008; Lapiz et al., 2003) . Most of these alterations are not observed when the same procedure is applied to adult rat counterparts, suggesting that adolescence is a period during which sensitivity to adverse environmental influence of SI is high (Fone and Porkess, 2008) . Besides behavioral changes such as neophobia, impaired sensorimotor gating and social withdrawal that strongly resemble core features of schizophrenia (see Fone and Porkess, 2008 for review), the SI paradigm has translational relevance to the pathophysiology of depression and anxiety and justifies the face, predictive and construct validities. For instance, periods of SI from weaning in rats or mice induce durations of high immobility behavior in both the TST and FST Ago et al., 2007; Brenes and Fornaguera, 2008; Kawasaki et al., 2011; Kokare et al., 2010; Martin and Brown, 2010) , deficits in social interaction (Hermes et al., 2011) and anxiety-like behaviors (Kokare et al., 2010) . Surprisingly, rats subjected to SI increase sucrose and total fluid intake, yet showed no alterations in preference for sucrose compared to rats raised in a standard environment (Brenes and Fornaguera, 2008; Hall et al., 1998 Hall et al., , 1997 Yildirim et al., 2012) . Social interaction deficits and increased immobility in the FST and TST can be reversed by chronic pharmacological antidepressant treatments (Koike et al., 2009; Martin and Brown, 2010; Yildirim et al., 2012) .
Here, we focused only on studies comparing post-weaning sociallyisolated rats to socially-reared rats, not those that compared SI housing to environmental enrichment (EE). Indeed, EE housing in rodents has been shown to elicit protective effects on psychostimulant intake by acting at all stages of the drug self-administration process, including acquisition, maintenance, escalation and extinction/reinstatement (Alvers et al., 2012; Bardo et al., 2001; Chauvet et al., 2009; Gipson et al., 2011; Gauthier et al., 2017; Green et al., 2002; Ranaldi et al., 2011; Smith et al., 1997; Stairs et al., 2006; Thiel et al., 2011) . Moreover, EE has been shown to reverse some deleterious effects of stress and produce antidepressant effects in rodents (Cui et al., 2006; Fox et al., 2006; Francis et al., 2002; Morley-Fletcher et al., 2003) . Therefore, the use of EE as a control group for SI housing would be a significant confounding factor for both depression-and psychostimulant-related outcomes.
The effects of SI housing on psychostimulant-related behaviors assessed across a large range of behavioral endpoints in adulthood are moderately conclusive (Table 3) . A few studies found either no change (Bozarth et al., 1989; Schenk et al., 1988) or a decreased (Phillips et al., 1994) propensity to self-administer cocaine or amphetamine in post-weaning socially-isolated rats compared to sociallyreared rats. However, the majority of studies showed enhanced acquisition and maintenance of cocaine self-administration in postweaning socially-isolated rats (Arndt et al., 2015; Baarendse et al., 2014; Boyle et al., 1991; Howes et al., 2000; Schenk et al., 1987; Yajie et al., 2005) , particularly at low doses (Howes et al., 2000) . SI also increased motivation to obtain cocaine under a PR schedule of reinforcement (Baarendse et al., 2014) . The enhanced vulnerability for psychostimulant self-administration appeared independent from whether the animal was tested in a maintained socially-deprived state or after a period of rehousing (Baarendse et al., 2014) . In the same study, Baarendse et al. showed no effect of SI on the extinction and reinstatement of cocaine seeking (Baarendse et al., 2014) .
Data from studies investigating psychostimulant rewarding properties in the CPP paradigm appear less conclusive. SI prevented amphetamine-induced CPP (Wongwitdecha and Marsden, 1995) or showed no effect on amphetamine - (Schenk et al., 1986; Whitaker et al., 2013) and cocaine-induced CPP in adulthood (Grotewold et al., 2014) (Table 3 ). However, SI was found to accelerate the rate of psychostimulant-induced contextual learning without affecting the final amphetamine-induced CPP magnitude in early-adolescent rats (P21-P42) • ↓ intake (FR, for all doses) V. Rappeneau, A. Bérod Neuroscience and Biobehavioral Reviews 77 (2017) 303-316 (Whitaker et al., 2013) . This was not observed in late-adolescent rats (P42-P63), suggesting that there is a critical window during adolescence when exposure to SI may have the greatest impact on drugassociated contextual learning. Overall, SI housing in rats generally increases the propensity to acquire and maintain psychostimulant intake. However, it should be noted that the SI model not only captures different aspects of the human depression pathology, it also overlaps with other models of psychiatric disorders such as schizophrenia (Fone and Porkess, 2008; Robbins et al., 1996) . Therefore, the low discriminant validity of this model significantly limits its scope of elucidating the specific influence of depressive-like states on psychostimulant drug vulnerability.
In conclusion, the first part of this chapter showed that depressivelike states induced by exposure to repeated stress in adulthood are associated with lower vulnerability to psychostimulant intake. This contrasts with observation made in NI and SI rats where early life adversity increases vulnerability to initial psychostimulant intake. Yet, the particular conditions of environmental stress during critical periods of early postnatal development and their high incidence on multiple psychiatric disorders in adulthood (see for review Fone and Porkess, 2008; Robbins et al., 1996) may account for this divergence. Additional studies are required to fully understand how psychostimulant intake and preference for psychostimulant-associated contexts are affected by the age period at which stress occurs, the duration of stress and the stress coping strategies.
Selective breeding as a basis for modeling depression
Selective breeding over multiple generations of animals with one or several behavioral depressive-like traits offers an interesting alternative to study the pathophysiology of depression and address the issue of its comorbidity with SUD. To date, however, there is a paucity of literature examining the impact of depressive-like states on psychostimulantrelated behaviors in selectively-bred rodent lines (Table 4) .
The Wistar Kyoto rats (WKY),
The Wistar Kyoto rats (WKY), originally bred as a normotensive control strain for spontaneously hypertensive rats (Okamoto and Aoki, 1963) , later became recognized as a model of depression (Nam et al., 2014; Overstreet, 2012; Solberg et al., 2004) . WKY rats exhibit anxietyand depressive-like behaviors when compared to the control outbred Wistar rats, as indicated by a marked decrease in locomotion and social interactions (Nam et al., 2014; Pare, 1994) , increased immobility time in the FST (Pare, 1994) and propensity to develop learned helplessness (Belujon and Grace, 2014) . WKY rats also display exaggerated HPA axis response to repeated stress (Morilak et al., 2005) . Conventional pharmacological antidepressant treatments and ketamine, reported to be effective in treatment-resistant depression (DeWilde et al., 2015) , can reverse both increased immobility in the FST and learned helplessness behavior (Belujon and Grace, 2014; Lahmame and Armario, 1996; Lopez-Rubalcava and Lucki, 2000; Tizabi et al., 2012) .
A recent finding indicated that WKY rats exhibit an attenuation of cocaine intake during the acquisition and maintenance of cocaine selfadministration under FR response rates compared to control outbred Wistar rats (Jastrzebska et al., 2015) (Table 4) . However, both strains showed similar extinction rates of cocaine seeking and cocaine-primed reinstatement (Jastrzebska et al., 2015) .
The Flinders Sensitive Line rats (FSL),
The Flinders Sensitive Line rats (FSL), derived from Sprague-Dawley rats and initially selectively bred for hypersensitivity to a cholinergic agent (Overstreet and Russell, 1982; Overstreet et al., 1979) , subsequently displayed a range of behavioral and physiological alterations relevant to depression (Overstreet, 1993) . Compared with Flinders Resistant Line rats (FRL) (resembling control outbred Sprague-Dawley rats), FSL rats showed alterations such as elevated immobility in the FST, higher reactivity of the HPA axis, increased rapid eye movement sleep and dysregulation of serotonergic neurotransmission (see Overstreet and Wegener, 2013 for review). FSL rats also exhibit anhedonia-like behavior either as a consequence of stress exposure Table 3 Psychostimulant self-administration and CPP-related-behaviors in adult rodents exposed to post-weaning social isolation rearing compared to group-housed animals.
Strain
Stress duration Test Drug Timeline Dose Effect Ref.
Post-weaning social isolation rearing (SI) ♂ L-E rats P21-63 SA Cocaine P63 FR1: 0.04-0.25 mg/kg/inf.
SA Cocaine P140 Acquisition FR1: 1.5 mg/kg/inf. Dose-response: 1.5-0.0234 mg/kg/inf.
-↑ Acquisition and shift dose-response curve to the right V. Rappeneau, A. Bérod Neuroscience and Biobehavioral Reviews 77 (2017) 303-316 such as UCMS or when a high degree of motivation is required to obtain the natural reward (Roth-Deri et al., 2009) but not under baseline conditions Rea et al., 2014) . In FSL rats, the high immobility in the FST and deficits in locomotor activity are reversed by chronic pharmacological antidepressant treatments (Overstreet and Griebel, 2005; Zangen et al., 2001) and deep brain stimulation of the vmPFC (Rea et al., 2014) . Vulnerability to psychostimulant drugs in FSL rats has only been tested in paradigms of acquisition and maintenance of cocaine selfadministration (Table 4) . FSL rats exhibited a reduction in cocaine selfadministration under a FR-1 schedule of reinforcement compared to FRL rats (Fagergren et al., 2005) and control Sprague-Dawley rats (Roth-Deri et al., 2009) although only with available low doses of cocaine (0.09 or 1 mg/kg/injection), not slightly higher doses (1.5 mg/ kg/injection). These studies suggest that depressive-like behavior in FSL rats is associated with decreased sensitivity to psychostimulant reinforcing effects.
The Swim low rats (SwLo)
The Swim low rats (SwLo) are Sprague-Dawley rats selectively bred for their low (Swlo) versus high (SwHi) motor activity in the FST . The high immobility of SwLo rats in the FST can be reversed by chronic treatment with several pharmacological antidepressants . SwLo rats exhibit no alterations in intake or preference for a sucrose solution in baseline conditions or after stress exposure (Murray et al., 2013) .
Compared to SwHi rats, SwLo rats displayed fewer propensities to self-administer cocaine and amphetamine, particularly in high exigencies to obtain the drug, i.e. administration of psychostimulants either under a PR schedule of reinforcement or during an unreinforced procedure of reinstatement (Lin et al., 2012) (Table 4) . However, comparisons of drug intake occurred between the two extreme phenotypes (SwHi vs. SwLo rats) and not with animals exhibiting an intermediate phenotype, such as the randomly-bred Sprague-Dawley rats. The absence of a control group impedes a clear interpretation of these data. Indeed, it is difficult to determine whether the SwLo rats decreased, or the SwHi rats increased their propensity to self-administer psychostimulant drugs.
The Helpless H/Rouen mice (H mice)
The Helpless H/Rouen mice (H mice) are CD1 mice initially selectively-bred for their high (Helpless mice, H), intermediate (I) or low (Non-Helpless, NH) immobility duration in the TST (El Yacoubi et al., 2003) . Although selected for helplessness in the TST, H mice show a wide range of additional alterations relevant to depression and anxiety, not observed in the two other lines of mice, including high immobility in the FST, anhedonia-like behavior, deficits in locomotor activity, sleep disturbances, serotoninergic dysfunction and a positive response to chronic pharmacological antidepressant treatments (Bougarel et al., 2011; El Yacoubi et al., 2003 El Yacoubi et al., 2013; Popa et al., 2006) . Interestingly, we found that preference for the cocaine-associated compartment in the CPP paradigm developed faster in depressive-like female H mice compared to mice of the control lines (intermediate and low immobility in the TST). Male H mice showed no such facilitating effect (Rappeneau et al., 2015) (Table 4 ). The faster emergence of cocaine-induced CPP observed in female H mice agrees with the findings of Whitaker et al. (2013) who showed that SI housing condition, and possibly the associated depressive-like state, accelerated the rate of acquisition of amphetamine-induced CPP (Whitaker et al., 2013) . The high predisposition of female H mice to form strong cocainecontext associations may intervene in the initiation and maintenance of drug intake and relapse.
Although data in the second part of this chapter remains limited, they indicate that animals selectively bred for depressive-related behaviors display a lower propensity to self-administer psychostimulant drugs (Table 4) . Interestingly, rodent models of depression based on selective breeding stand apart from stress-based models of depression in their construct. They do not require exposing animals to repeated stress, thus mimic a different etiology of depression and possibly distinct biological and functional impairments (Malki et al., 2014) . Despite these marked differences, our conclusions from selectively-bred rodents converge with that drawn from animals showing no adaptation to repeated stress in adulthood. Altogether, these conclusions support the idea that depression is not a significant risk factor for initial psychostimulant use. V. Rappeneau, A. Bérod Neuroscience and Biobehavioral Reviews 77 (2017) 303-316 5. General conclusion
In the present review, we have provided a comprehensive analysis of the preclinical literature while considering the current methodological caveats and conceptual gaps, potentially misleading when attempting to model depression and SUD comorbidity. This analysis led us to reconsider the common view that depression is a risk factor for drug use and the development of SUD.
Indeed, as previously mentioned, rats that displayed maladaptive responses to CSDS or social subordination stress and expressed a large array of depressive-like behaviors demonstrated less vulnerability to psychostimulants than stress-resilient and non-stressed control rats. More specifically, they exhibited less motivation to self-administer cocaine as well as disengaging earlier in cocaine intake during a continuous "binge" access (Table 1) . Although less information is available in rodents selectively bred for depressive-like behaviors, the preliminary observations made in WKY and FSL rats indicate they are less inclined to initiate and maintain cocaine self-administration at low doses than the corresponding outbred control rats (Table 4) . Altogether, these data support the notion that a preexisting depressive-like state reduces the propensity to voluntarily self-administer psychostimulants in the early stages of drug-taking.
In contrast, rodents subjected to early life stress such as NI and SI showed a significant increased vulnerability to psychostimulant than their control counterparts, at least when considering the initial phases of drug-taking (Tables 2 and 3 ). However, given the significant impact of early life stress on multiple psychiatric disorders, it is possible that the psychostimulant vulnerability observed in these models is not causally linked to the pathological state of depression itself. Rather, the psychostimulant vulnerability may be explained by environmental factors that promoted simultaneously, although independently, depressive-like behaviors and psychostimulant intake (Fig. 1b) (Gerra et al., 2009; Kessler et al., 1997; Nemeroff, 2016) . These models could therefore offer more relevance for understanding how adverse life events in childhood or adolescence constitute major risk factors for the development of psychiatric disorders and whether administration of antidepressant treatments has a protective effect on drug intake.
It is also worth noting that the majority of studies we reviewed generally focused on initial psychostimulant intake, i.e. acquisition and maintenance of self-administration under a FR schedule of reinforcement and motivation to obtain the drug under a PR schedule of reinforcements, which is likely to model recreational use of drugs in humans. Therefore, it is possible that these studies overlooked depression potentially affecting the later stages that define SUD i.e. loss of control over drug-intake, habitual and compulsive drug seeking and relapse. Regarding the CPP procedure, we were unable to draw any reliable conclusion or formulate any working hypothesis on the influence of depressive-like states on learned drug-context associations due to inconsistency of results.
What further studies are required to advance this field?
To date, evidence supporting depression as a risk factor for psychostimulant use and SUD in rodent models remains questionable. The set of studies we reviewed, however, suggests new orientations to advance the field of depression and SUD comorbidity.
Firstly, it appears essential to develop animal models with improved translational significance with regard to the pathology of depression. Not all individuals face the same risk of developing psychiatric disorders, particularly regarding adverse life events. In humans, while some individuals confronted with severe stressful life events develop depression, the majority recover with no significant symptoms (Charney, 2004) . However, the systematic characterization of individual differences in susceptibility or resilience to stress has too often been overlooked when modeling stress-induced depression in rodents; therefore we recommend a greater emphasis on this in the future. As mentioned earlier in this review, several behavioral or physiological impairments could be used as criteria to categorize adapted vs. maladapted response to stress. Such criteria could be anhedonia-like behavior assessed by measuring sucrose preference or intracranial selfstimulation threshold, social avoidance, duration of immobility behavior in the TST or FST, and stress sensitivity. Experimental designs based on one or more of these criteria to select populations of animals susceptible to stress could provide several important advantages, including: i) a better translation to human pathology of depression; ii) identification of specific effects in the stress-susceptible (i.e. depressive-like) population that could be hampered by the lack or opposite effects in the stress-resilient population, iii) a unique opportunity to differentiate the biological mechanisms allowing rodents to recover from chronic stress from those that lead to expression of depressive-like behaviors.
Concerns have also emerged regarding the clinical relevance of certain criteria used to characterize depressive-like phenotypes in rodents, particularly depressed mood and anhedonia. The TST and FST are widely accepted as screening tools for identifying antidepressant properties of pharmacological drugs and both show good predictive validity. However, their validity for assessing and screening depressive-like phenotype is debatable (see for review Cryan et al., 2005; de Kloet and Molendijk, 2016; Nestler and Hyman, 2010) . A recent paper by de Kloet and Molendijk (2016) comprehensively discusses the current interpretation of FST behavior. Similarly, although the sucrose consumption/preference tests are commonly used to evaluate hedonic or consummatory pleasure, they considerably underestimate the complexity of reward processing impairments observed in depressed patients (Berlin et al., 1998; Dichter et al., 2010; Der-Avakian et al., 2016; Rizvi et al., 2016; Rømer Thomsen et al., 2015 for review). The use of recently developed behavioral tasks that translate between laboratory animals and humans to assess cognitive affective bias (Anderson et al., 2012; Stuart et al., 2013) , reward motivation (Treadway, 2016; Treadway et al., 2012) or reward learning (Der-Avakian et al., 2013; Pergadia et al., 2014) , which are affected in depression will undoubtedly increase our understanding of the relationship between specific key components of depression (also referred to as endophenotypes) and the development of SUD. This type of focused approach, based on endophenotype, has gained increasing support in both human and preclinical studies to reduce clinical heterogeneity and aid elucidation of the neurobiological basis and genetics of psychiatric disorders Hasler et al., 2004; Hasler and Northoff, 2011) .
It also appears essential to use animal models with better translational significance with regard to the hallmark features of SUD, such as the difficulty limiting or stopping drug use, the compulsive use of drug despite their harmful consequences and compulsive relapse (BelinRauscent et al., 2016; Deroche-Gamonet et al., 2004; Vanderschuren and Everitt, 2004) . The assumption that depressive-like states are associated with a low propensity to self-administer psychostimulant drugs does not exclude depression as a risk factor for the development of SUD. Indeed, behavioral phenotypes that promote the initiation and maintenance of voluntary and regulated drug-taking are dissociated from those predisposing to compulsive drug-seeking and taking (Belin et al., 2008; Piazza et al., 1989) . For instance, rapid acquisition and maintenance of drug-taking are predicted by a high level of noveltyinduced locomotor activity (Belin and Deroche-Gamonet, 2012; Belin et al., 2008; Piazza et al., 1989) whereas patterns of compulsive drugtaking are better predicted by a high preference for a novel environment or high impulsivity (Belin et al., , 2008 Wingo et al., 2016) . Therefore, we suggest preclinical investigations further examine the impact of depression on the later stages of SUD, such as the switch from controlled use to compulsive drug-taking and drug-seeking. The importance of high anxiety levels should also be considered, as they are often comorbid with depression in humans (Gorman, 1996; Merikangas et al., 1998 ) and predispose to compulsive cocaine-seeking and taking in rodents (Dilleen et al., 2012; Homberg et al., 2002) .
Finally, the current review focused on the association between depression and psychostimulant use. It is not certain that our conclusions can be generalized to include addictive drugs of other pharmacological classes. Indeed, although the different addictive drugs share common behavioral and neurobiological effects, they carry important differences in terms of molecular targets or psychotropic effects (see Badiani et al., 2011; Dilleen et al., 2012; Ozburn et al., 2015; Pierce and Kumaresan, 2006) . Overall, the field of depression and SUD comorbidity should benefit from further systematic comparative studies that include several classes of addictive drugs.
Concluding remarks
On the basis of the current review, it is clear that considerable efforts are required in order to state any firm conclusions regarding depression as a risk factor for drug use and SUD. A better understanding of the biological substrates underlying these intertwined disorders carries important clinical implications relevant for both prevention and treatment. This could create opportunities to identify subjects at risk of SUD and develop new therapeutic strategies for treating depression and SUD comorbidity. Ongoing and future studies based on the use of advanced rodent models of depression and SUD, with high translational significance regarding their clinical definitions, offer the potential to significantly advance our understanding in this field.
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